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Nitrogen dioxide (NO2), a sparingly water-soluble π-radical gas, is a criteria air pollutant that induces adverse
health effects. How is inhaled NO2(g) incorporated into the fluid microfilms lining respiratory airways remains
an open issue because its exceedingly small uptake coefficient (γ ∼ 10-7-10-8) limits physical dissolution
on neat water. Here, we investigate whether the biological antioxidants present in these fluids enhance NO2(g)
dissolution by monitoring the surface of aqueous ascorbate, urate, and glutathione microdroplets exposed to
NO2(g) for ∼1 ms via online thermospray ionization mass spectrometry. We found that antioxidants catalyze
the hydrolytic disproportionation of NO2(g), 2NO2(g) + H2O(l) ) NO3-(aq) + H+(aq) + HONO, but are not
consumed in the process. Because this function will be largely performed by chloride, the major anion in
airway lining fluids, we infer that inhaled NO2(g) delivers H+, HONO, and NO3- as primary transducers of
toxic action without antioxidant participation.
Introduction
Inhalation of the pervasive nitrogen dioxide (NO2) air
pollutant (up to 0.6 ppmv in urban air,1 up to 1-2 ppmv
indoors)2 induces adverse health effects.3-9 Although NO2(g)
is poorly soluble in water (Henry’s law constant H ) 0.01 M
atm-1 at 298 K) and has a very low probability of sticking to
water surfaces (uptake coefficient γ ∼10-8),10 ∼90% of inhaled
NO2 is absorbed in the airways by mechanisms that are not well
understood.9 It is generally assumed that NO2(g) is reactively
trapped at the air/water interface, i.e., prior to dissolution, by
the antioxidants (AOs), such as ascorbic acid (AH2), uric acid
(UA), and reduced glutathione (GSH), present in epithelial lining
fluids (ELF).11-15 Proposed reaction pathways include NO2
addition to unsaturated bonds,16 and H-atom or one-electron
transfers to this powerful oxidizer, E0(NO2/NO2-) ) 1.04 V.4,17,18
H-atom abstractions by NO2 are generally endothermic (because
the ONO-H bond, dissociation energy ∼79 kcal mol-1, is
weaker than most R-H bonds) and, therefore, too slow to
participate during gas/liquid collision times.17 Electron transfers
from antioxidant anions are,17,19-23 in contrast, fast processes.
Ascorbate, E0(AH•/AH-) ) 0.70 V, is rapidly oxidized, k(AH-
+ NO2 f AH• + NO2-) ∼ 2 × 107 M-1 s-1, in bulk water at
pH ∼7.17 The weaker reductants urate, glutathione, and cysteine
react with NO2 at similar rates.22 Note, however, that these
results strictly apply to endogenous NO2 but could be irrelevant
to the heterogeneous trapping of inhaled NO2(g) at the air/water
interface.24-35
Thus, according to the prevailing view, NO2(g) toxicity is
transduced to the underlying tissues by the free radicals resulting
from the one-electron oxidation of antioxidant anions.36 There
is, however, conflicting evidence about whether AOs participate
in the mechanism of NO2(g) absorption. For example, NO2
induces neutrophilic airway inflammation without significant
depletion of ELF antioxidants.37 Other observations also suggest
that NO2(g) could interact with ELF antioxidants in hitherto
unidentified ways.38 Here, we search for the primary products
of AH2, UA, and GSH reactions with ambient NO2(g) at the
air/water interface using a novel application of online electro-
spray ionization mass spectrometry.27 Few other techniques can
instantly monitor the formation of primary products without
further processing, under essentially wall-less conditions, on the
surface of fresh microdroplets exposed to ppmv NO2(g) levels
at atmospheric pressure for less than ∼1 ms.
Experimental Section
The chemical interactions of NO2(g) with antioxidants at the
air/water interface were investigated by spraying aqueous
antioxidant(s) solutions into NO2(g)/N2(g) mixtures at atmo-
spheric pressure. Solutions are pumped (50 µL min-1, Harvard
Apparatus) into the spraying chamber of an electrospray
ionization mass spectrometer (HP-1100 MSD), modified with
a NO2(g) injection system (see Figure S1 of the Supporting
Information),39 through a grounded stainless steel needle injector
(100 µm bore) and pneumatically nebulized by means of N2
gas flowing through a coaxial sheath. This setup is identical to
that used in previous studies from our laboratory.26-28,40 The fast
nebulizer gas (2.65 × 104 cm s-1) shears the liquid jet (10.6
cm s-1) into submicrometer size droplets carrying excess charge
of either sign.41,42 The terminal velocities of the microdroplets
exceed ∼103 cm s-1,42 leading to τ ∼ 1 ms transit times across
the ∼0.5 cm wide NO2(g) plume that minimize the development
of secondary chemistry. The negatively charged microdroplets
generated in this process carry modest excess charges,41 in
contrast with those produced in conventional electrospray
sources maintained at high voltage relative to ground.43-45
Microdroplets rapidly evaporate solvent in the dry N2(g)
emanating from the electrically polarized inlet to the mass
spectrometer, while being drawn to it with increasing accelera-
tion, a ) (ze/m)E, because the electric field E becomes more
intense in the vicinity of the inlet, and droplets lose mass m but* Corresponding author. E-mail: ajcoluss@caltech.edu.
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keep their excess charges ze. The spraying chamber is not,
therefore, a conventional well-stirred reactor with a normal
distribution of microdroplet residence times but a unidirectional
flow reactor that shrinking microdroplets traverse at exponen-
tially increasing speeds (and shorter residence times). The strong
direct correlation between residence time and droplet size,
combined with the orthogonal crossing of the spray with the
NO2(g) plume, ensures that NO2(g) mostly interacts with nascent
microdroplets. Solvent evaporation leads to charge crowding,
whereby droplets shed their interfacial films carrying (from
electrostatics) the excess charges into smaller offspring.46 These
events ultimately produce nanodroplets from which bare ions
are electrostatically ejected into the gas phase.47,48 Given the
configuration of the instrument (Figure S1, Supporting Informa-
tion), mass spectra report the gas-phase ions sampled from the
periphery of the spray cone rather than from its axis, along which
the bulk of the liquid advances (Figure S1, Supporting Informa-
tion).49 These experiments probe, therefore, the ion composition
of the interfacial layers (see below) of nascent microdroplets
that had just reacted with NO2(g).
Results
Figure 1 shows negative ion mass spectra of aqueous
equimolar (0.1 mM AH2 + 0.1 mM UA + 0.1 mM GSH)
microdroplets at pH 6.8 in the presence of 0-6.6 ppmv NO2(g)
at atmospheric pressure. Note the dissimilar signal intensities
of these anions in Figure 1A (despite their identical bulk
concentrations) that report actual interfacial abundances, and
follow the order AH- ∼ GS- > U-. Previous experiments in
this setup have shown that negative ion mass spectra consist of
anions sampled from the interfacial layers of the liquid jet during
droplet formation, whose populations reflect anion bulk con-
centrations modulated by their relative affinities for the
interface.50,51 In the presence of NO2(g), ascorbate AH- (m/z )
175), urate U- (m/z ) 167), and glutathione mono- and dianions
GS-/GS2- (m/z ) 306 and 152.5, respectively) signals decrease
with the concomitant appearance of nitrate NO3- (m/z ) 62)
as the exclusive anion product. Conspicuously absent were
signals corresponding to the putative products of NO2 addition,
e.g., AH-NO2•- (m/z ) 221),16 H-atom abstraction, e.g., A•-
(m/z ) 174), 23 or electron transfer, e.g., GS•- (m/z ) 305)
(Figure 1 and Figure S2 of the Supporting Information). The
same observations were made in separate experiments involving
aqueous 1 mM AH2 at pH 6.6 or 1 mM GSH microdroplets at
pH 8.2 in the absence/presence of NO2(g) (Figure S2, Supporting
Information). Even the disulfide anion GSSG-, which is inert
toward the stronger oxidizer O3(g),26 yields NO3- in the presence
of NO2(g) (Figure S3, Supporting Information). Blank experi-
ments on deionized milli-Q water microdroplets exposed to up
to 14 ppmv NO2(g) were negative (Figure S4, Supporting
Information) i.e., NO3- (m/z ) 62) signals remained at noise
levels, in accord with the exceedingly small NO2(g) uptake
coefficient on pure water: γ ∼ 10-7-10-8.39,52 These observa-
tions (1) exclude the presence of HNO3 impurities in our NO2(g)/
N2 gas mixtures, (2) preclude the artifactual production of NO3-
from NO2 in our instrument, and (3) show that the negative
excess interfacial charges carried by microdroplets are insuf-
ficient to capture NO2(g) in significant amounts.
Figure 2 shows the evolution of AO anions and NO3- at the
air/water interface in 0.1 mM equimolar mixture droplets as
functions of [NO2(g)]. It is apparent UA- and GS2- decrease
more steeply (by ∼50% under ∼0.5 ppmv NO2) than AH- or
GS- (by ∼50% under ∼4 ppmv NO2). AO anion signal losses,
however, are not due to chemical depletion. Figure S5 of the
Figure 1. Negative ion mass spectra of reactants and product in 0.1 mM aqueous equimolar (AH2 + UA + GSH) microdroplets at pH 6.8 exposed
to various [NO2(g)] for ∼1 ms.
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Supporting Information shows how the mass spectra of an
equimolar (AH2 + UA + GSH) solution changes upon NaNO3
or NaNO2 additions: all AO anion signals are attenuated by the
addition of sufficient NO3-. Since NO3- signals approach
saturation as [NO3-]f 1 mM (Figure S6, Supporting Informa-
tion), AO anions are competitively displaced from the air/water
interface monitored in these experiments. We have shown
before50,51 that anionic surfactants have a similar effect on other
anions. The enhanced attenuation of UA- and GS2- vs AH- or
GS- signals at the surface of microdroplets exposed to NO2(g)
has a different cause, and is consistent with the more extensive
protonation of the anions of weaker acidsspKa(UA) ) 5.8,
pKa(GS-) ) 8.8, vs pKa(AH-) ) 4.1, pKa(GSH) ) 3.6sdue to
the acidification of the air/water interface by the NO2(g)
dissolution process itself, reaction 3 below. The attenuation of
AO- anions is, therefore, fully accounted for by product
competition for the air/water interface and acidification during
NO2(g) reactive dissolution (Table 1). These results, together
with the absence of products derived from AOs themselves,
support the hypothesis that AOs catalyze the conversion of
NO2(g) into NO3-(aq). If that were the case, Cl-, whose
concentration in ELF is ∼103 times larger than AOs,53 should
be the dominant catalyst of NO2(g) dissolution (Figure S7,
Supporting Information).39 Figure 3 shows mass spectra of (5
mM AH2 + 120 mM NaCl) microdroplets in the absence/
presence of NO2(g). Note that in this experiment the formation
of NO3- is not accompanied by a decrease of AH- signals,
which are already fully attenuated by excess Cl-. These results
confirm that Cl-, rather than AOs, will catalyze the absorption
of inhaled NO2(g) under realistic conditions. Figure 4 shows
[NO3-] vs [AO-] or [Cl-] plots that reflect the catalytic
efficiency of the various anions on microdroplets at pH ∼7
exposed to 2 ppmv NO2(g). The curves correspond to best fits
based on three-parameter (R; ; Γ) expressions:
where θ is the anion interfacial fractional coverage, R is the
reciprocal of the equilibrium partitioning coefficient of AO- to
the interface,  gauges the attenuation of NO3- signals by excess
AO-/Cl-, and Γ a factor that converts coverages into measured
Figure 2. Reactants and product in a 0.1 mM equimolar (AH2 + UA
+ GSH) solution at pH 6.8 as functions of [NO2(g)].
TABLE 1: Mass Spectral Antioxidant Signal Intensities in a
0.1 mM Equimolar (AH2 + UA + GSH) Solution at pH ∼7,
[I]0, and in the Presence of Added NaNO3(aq) or Exposed to
NO2(g), [I]
RAO ) [I]/[I]0 RAO/RAH-
Added 0.1 mM NaNO3
AH- 0.696 1.00
UA- 0.715 1.03
GS- 0.725 1.04
GS2- 0.605 0.869
Added 2 ppmv NO2(g)
AH- 0.624 1.00
UA- 0.314 0.504
GS- 0.638 1.02
GS2- 0.304 0.487
Figure 3. Negative ion mass spectra of a (5 mM AH2 + 120 mM
NaCl) solution at pH ∼7 in the absence (blue)/presence (red) of 2 ppmv
NO2(g).
Figure 4. Nitrate produced upon exposure of aqueous AO microdrop-
lets at pH ∼7 to 2 ppmv NO2(g) for ∼1 ms. [UA] e 0.15 mM is the
solubility limit. The error bar corresponds to 2σ from the average of
four independent measurements.
[NO3-] ) Γθ(1 - θ); θ)[AO-](R + [AO-])-1
(1)
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NO3- concentrations.39 Interestingly, all plots peak between 0.1
e [AO-] e 1 mM (Figure 4 and Figure S8 of the Supporting
Information), but only Cl- remains an active catalyst up to 100
mM (Figure S9, Supporting Information).
Discussion
On the basis of the preceding observations, we propose that
antioxidant anions initially trap NO2(g) into radical-anion
intermediates that react further with a second NO2(g) at the air/
water interface:39
This mechanism is apparently followed by most anions
(including Cl-, Br-, I-, and HSO4-, as recently reported)39 in
the mM range, and amounts to general anion catalysis of the
hydrolytic disproportionation of NO2(g) at the air/water inter-
face. Only disproportionation of N(IV) into N(III) + N(V) could
yield N(V)O3- under strictly anoxic conditions (note that NO2/
N2 rather than NO2/air mixtures are used in these experiments).
The AO-NO2•- radical anions result from charge transfer into
the SOMO of NO2,54,55 and their efficiencies as intermediates
of NO2(g) f NO3- conversion must be correlated with their
persistence, i.e., with AO-NO2•- bond strengths.39,55 Note that
reaction 3 generates H+ at the air/water interface, accounting
for the neutralization of the stronger bases UA- and GS2- (see
above).
We found no evidence of nitration products among the
primary products of these reactions (Figure 1 and Figure S2 of
the Supporting Information).16 Full electron transfers, such as
reaction 422
would have led to detectable GS•- radicals and/or its recom-
bination product GSSG2- (m/z ) 305).56 Note that GSSG•-
radicals (m/z ) 610), the product of electron transfer between
GSSG2- + NO2(g), are also missing in the mass spectra of
GSSG2- microdroplets exposed to NO2(g) (Figure S3, Support-
ing Information). We infer that intramolecular electron transfer
within the putative [GS--NO2•-]interface intermediate competes
unfavorably with reaction 3 under ppmv NO2(g) levels at the
air/water interface, and speculate that NO2 is probably bound
to the carboxylate rather than the reducing thiolate center.56
Thus, these antioxidant anions can trap ambient NO2(g) at
the air/ELF interface and catalytically convert it into NO3-, H+,
and HONO (Scheme 1). About 0.1 mM NO3-/H+/HONO are
formed in AH2 ∼0.2 mM microdroplets exposed to 2 ppmv
NO2(g) (Figure 4); i.e., interfacial pH will drop from pH 7 to
∼4. Interfacial pH can be directly gauged from the [GS2-]/[GS-]
vs pH titration curve (Figure S10, Supporting Information) and
the data of Table 1. Thus, we find that exposure to 4.6 ppmv
NO2(g) decreases the [GS2-]/[GS-] ratio from ∼0.1 to ∼0.01
via neutralization alone (Figure 1), which corresponds to a pH
change from ∼7 to ∼4 (Figure S10, Supporting Information).
Nitrous acid, HONO, which is also formed in reaction 3, will
be partially emitted to the gas phase under the present condi-
tions,39 because a substantial fraction of HONO, pKa(HONO)
) 3.37 [vs pKa(HNO3) ) -1.64], remains undissociated at pH
∼4.
The present results suggest that the primary outcome of
NO2(g) inhalation is the deposition of NO3- and NO2-/HONO
as well as the acidification of ELF, by means of a reaction
catalyzed by the pervasive chloride anion. The antioxidants
widespread in ELF do not seem to play a significant role in
this process. These results may account for reports about the
lack of significant correlations between adverse effects due to
NO2(g) exposure and antioxidant depletion.37,38 At this point,
one can only speculate about the potential toxicity of the
products of reaction 3. We have shown that antioxidant
reactivities toward O3(g) are significantly inhibited, and the
resulting products diverted to more toxic species, at lower
pH.26,27 Nitrous acid may mediate the toxic effects of inhaled
NO2(g).57-59 The reduction of exhaled NO in asthma patients
after inhalation of phosphate buffered saline solution points to
the pH-dependent conversion of nitrite as the source of
NO.38,60-62 Further work is underway.
Acknowledgment. S.E. thanks the Japan Society for the
Promotion of Science Research Fellowship for Young Scientists.
This project was supported by the National Science Foundation
(ATM-0534990).
Supporting Information Available: Additional data, data
analysis, and experimental details. This material is available free
of charge via the Internet at http://pubs.acs.org.
References and Notes
(1) Sexton, K.; Letz, R.; Spengler, J. D. EnViron. Res. 1983, 32, 151.
(2) Samet, J. M.; Marbury, M. C.; Spengler, J. D. Am. ReV. Respir.
Dis. 1987, 136, 1486.
(3) Gaston, B.; Drazen, J. M.; Loscalzo, J.; Stamler, J. S. Am. J. Respir.
Crit. Care Med. 1994, 149, 538.
(4) Postlethwait, E. M.; Bidani, A. Toxicology 1994, 89, 217.
(5) Blomberg, A. Clin. Exp. Allergy 2000, 30, 310.
(6) Persinger, R. L.; Poynter, M. E.; Ckless, K.; Janssen-Heininger,
Y. M. W. Mol. Cell. Biochem. 2002, 234, 71.
(7) Delfino, R. J.; et al. EnViron. Health Perspect. 2006, 114, 1736.
(8) Pryor, W. A.; et al. Am. J. Physiol.-Regul. Integr. Comp. Physiol.
2006, 291, R491.
(9) Sandstrom, T. Eur. Respir. J. 1995, 8, 976.
(10) Lee, Y. N.; Schwartz, S. E. J. Phys. Chem. 1981, 85, 840.
(11) Postlethwait, E. M.; Langford, S. D.; Bidani, A. J. Appl. Physiol.
1990, 69, 523.
(12) Kelly, F. J.; Mudway, I. S. Amino Acids 2003, 25, 375.
(13) Peden, D. B.; et al. Proc. Natl. Acad. Sci. U.S.A. 1990, 87, 7638.
(14) Connor, L. M.; et al. J. Appl. Physiol. 2001, 91, 2024.
(15) Kelly, F. J.; Tetley, T. D. Biochem. J. 1997, 325, 95.
(16) Pryor, W. A.; Lightsey, J. W. Science 1981, 214, 435.
AO- + NO2(g)98
slow
[AO-NO2•
-]interface (2)
[AO-NO2•
-]interface + NO2(g) + H2O98
fast
AO- +
HONO + NO3
- + H+ (3)
GS2- + NO2(g) f [GS--NO2•
-]interface f GS•- + NO2-
(4)
SCHEME 1
7980 J. Phys. Chem. B, Vol. 113, No. 23, 2009 Letters
(17) Huie, R. E. Toxicology 1994, 89, 193.
(18) Postlethwait, E. M.; Langford, S. D.; Bidani, A. J. Appl. Physiol.
1992, 73, 1939.
(19) Winterbourn, C. C. Nat. Chem. Biol. 2008, 4, 278.
(20) Augusto, O.; et al. Free Radical Biol. Med. 2002, 32, 841.
(21) Prutz, W. A.; Monig, H.; Butler, J.; Land, E. J. Arch. Biochem.
Biophys. 1985, 243, 125.
(22) Ford, E.; Hughes, M. N.; Wardman, P. Free Radical Biol. Med.
2002, 32, 1314.
(23) Velsor, L. W.; Postlethwait, E. M. Am. J. Physiol.-Lung Cell. Mol.
Physiol. 1997, 17, L1265.
(24) Davidovits, P.; et al. Chem. ReV. 2006, 106, 1323.
(25) Finlayson-Pitts, B. J. Chem. ReV. 2003, 103, 4801.
(26) Enami, S.; Hoffmann, M. R.; Colussi, A. J. J. Phys. Chem. B 2008,
112, 4153.
(27) Enami, S.; Hoffmann, M. R.; Colussi, A. J. Proc. Acad. Natl. Sci.
U.S.A. 2008, 105, 7365.
(28) Enami, S.; et al. J. Phys. Chem. A 2007, 111, 13032.
(29) Enami, S.; et al. Chem. Phys. Lett. 2008, 455, 316.
(30) Finlayson-Pitts, B. J.; et al. Phys. Chem. Chem. Phys. 2003, 5, 223.
(31) Hunt, S. W.; et al. J. Phys. Chem. A 2004, 108, 11559.
(32) Karagulian, F.; Lea, A. S.; Dilbeck, C. W.; Finlayson-Pitts, B. J.
Phys. Chem. Chem. Phys. 2008, 10, 528.
(33) Nissenson, P.; et al. Phys. Chem. Chem. Phys. 2006, 8, 4700.
(34) Thomas, J. L.; Jime´nez-Aranda, A.; Finlayson-Pitts, B. J.; Dabdub,
D. J. Phys. Chem. A 2006, 110, 1859.
(35) Vacha, R.; et al. J. Phys. Chem. A 2004, 108, 11573.
(36) Velsor, L. W.; Ballinger, C. A.; Patel, J.; Postlethwait, E. M. Free
Radical Biol. Med. 2003, 34, 720.
(37) Blomberg, A.; et al. Am. J. Respir. Crit. Care Med. 1999, 159,
536.
(38) Chambers, D. C.; Ayres, J. G. Thorax 2001, 56, 774.
(39) Yabushita, A.; et al. J. Phys. Chem. A, in press.
(40) Enami, S.; et al. J. Phys. Chem. A 2007, 111, 8749.
(41) Zilch, L. W.; et al. J. Phys. Chem. A 2009, 113, 4844.
(42) Kahen, K.; Jorabchi, K.; Gray, C.; Montaser, A. Anal. Chem. 2004,
76, 7194.
(43) Hirabayashi, A.; Sakairi, M.; Koizumi, H. Anal. Chem. 1994, 66,
4557.
(44) Hirabayashi, A.; Sakairi, M.; Koizumi, H. Anal. Chem. 1995, 67,
2878.
(45) Manisali, I.; Chen, D. D. Y.; Schneider, B. B. TrAC, Trends Anal.
Chem. 2006, 25, 243.
(46) Kebarle, P.; Peschke, M. Anal. Chim. Acta 2000, 406, 11.
(47) Iribarne, J. V.; Dziedzic, P. J.; Thomson, B. A. Int. J. Mass
Spectrom. Ion Process. 1983, 50, 331.
(48) Nguyen, S.; Fenn, J. B. Proc. Natl. Acad. Sci. U.S.A. 2007, 104,
1111.
(49) Tang, K. Q.; Smith, R. D. J. Am. Soc. Mass Spectrom. 2001, 12,
343.
(50) Cheng, J.; Hoffmann, M. R.; Colussi, A. J. J. Phys. Chem. B 2008,
112, 7157.
(51) Cheng, J.; Vecitis, C. D.; Hoffmann, M. R.; Colussi, A. J. J. Phys.
Chem. B 2006, 110, 25598.
(52) Kleffmann, J.; Becker, K. H.; Wiesen, P. Atmos. EnViron. 1998,
32, 2721.
(53) Knowles, M. R.; et al. J. Clin. InVest. 1998, 101, 285.
(54) Wan, J. K. S.; Pitts, J. N.; Beichert, P.; FinlaysonPitts, B. J. Atmos.
EnViron. 1996, 30, 3109.
(55) Hiraoka, K.; et al. Chem. Phys. Lett. 2000, 323, 155.
(56) Enami, S.; Hoffmann, M. R.; Colussi, A. J. Chem. Res. Toxicol.
2009, 22, 35.
(57) Rasmussen, T. R.; Brauer, M.; Kjaergaard, S. Am. J. Respir. Crit.
Care Med. 1995, 151, 1504.
(58) Beckett, W. S.; et al. EnViron. Health Perspect. 1995, 103, 372.
(59) Jarvis, D. L.; Leaderer, B. P.; Chinn, S.; Burney, P. G. Thorax
2005, 60, 474.
(60) Shin, H. W.; et al. J. Appl. Physiol. 2007, 102, 1028.
(61) Forman, H. J.; Fukuto, J. M.; Torres, M. Am. J. Physiol.-Cell
Physiol. 2004, 287, C246.
(62) Hunt, J. F.; et al. Am. J. Respir. Crit. Care Med. 2000, 161, 694.
JP902667X
Letters J. Phys. Chem. B, Vol. 113, No. 23, 2009 7981
